ABSTRACT
The anthrax toxin receptors tumor endothelial marker-8 (TEM-8) and capillary morphogenesis gene-2 (CMG-2) are responsible for allowing entry of anthrax toxin into host cells. These receptors were first discovered due to their enhanced expression on endothelial cells undergoing blood vessel growth or angiogenesis in model systems. Inhibition of angiogenesis is an important strategy for current anti-cancer therapies and treatment of retinal diseases. Functional roles for TEM-8 and CMG-2 in angiogenesis have recently emerged. TEM-8 appears to regulate endothelial cell migration and tubule formation whereas a role for CMG-2 in endothelial proliferation has been documented. TEM-8 and CMG-2 bind differentially to extracellular matrix proteins including collagen I, collagen IV and laminin and these properties may be responsible for their apparent roles in regulating endothelial cell behavior during angiogenesis.
TEM-8-binding moieties have also been suggested to be useful in selectively targeting anti-angiogenic and anti-tumorigenic therapies to tumor endothelium. Additionally, studies of modified forms of lethal toxin (LeTx) have demonstrated that targeted inhibition of MAPKs within tumor vessels may represent an efficacious anti-angiogenic strategy.
INTRODUCTION
The growth of new blood vessels or 'angiogenesis' is essential for many physiological processes, including embryonic development, wound healing, and tissue regeneration and remodeling. However, uncontrolled or defective angiogenesis also contributes to many pathological processes including tumor growth, metastasis and proliferative retinal diseases.
Antiangiogenic drugs are used as part of the treatment strategies for some types of cancer, and the emergence of antivascular endothelial growth factor (VEGF) therapies for age-related macular degeneration has dramatically improved outcomes for patients losing their sight from this disease. Angiogenesis is a multistep process involving degradation of the extracellular matrix (ECM), migration and proliferation of endothelial cells, vessel anastamosis, followed by stabilization of the new vessel network with recruitment of pericytes and establishment of a surrounding basement membrane.
Angiogenesis is controlled at the molecular level by signaling pathways initiated by central angiogenic growth factors such as VEGF through their receptors, resulting in changes in gene expression. While the complex process of angiogenesis has not been fully replicated in cell culture, a number of in vitro assays have been developed to assess the contribution of pro-angiogenic molecules and the effects of anti-angiogenic pharmacological agents on individual aspects of endothelial cell behavior. For example endothelial cell proliferation, migration and tubule formation within collagen gels can all be assessed in vitro. Endothelial cells undergoing tubule formation within 3D collagen gels upregulate numerous genes including genes involved in basement matrix assembly, growth factors, adhesion receptors and capillary morphogenesis gene-2 (CMG-2) (1). The latter protein was subsequently identified as a receptor for anthrax toxin and in that context named anthrax toxin receptor 2 (ANTXR2) (2) .
Within tumors, blood vessels are often fragile and leaky with poor pericyte recruitment and defective establishment of basement membranes. Tumor vessels also differentially express many different genes when compared with normal functional blood vessels (3) . A panel of 'tumor endothelial markers' (TEMs), which are overexpressed in malignant colorectal tumor endothelium compared to normal endothelium, have been described (3) . One of these genes, increased in expression in tumor endothelium, TEM-8 was subsequently discovered to be a receptor for anthrax toxin. Thus, both of the known receptors for anthrax toxin, CMG-2 and TEM-8, were first described as genes upregulated in the vasculature during angiogenesis.
ANTHRAX TOXIN RECEPTORS -TEM-8 and CMG-2

TEM-8 and CMG-2 in anthrax toxicity
Bacillus anthracis is a gram-positive rod-shaped spore forming bacterium and the causative agent of anthrax toxicity (4) . Upon exposure, B. anthracis spores are taken up in macrophages adjacent to the epithelial route of entry, which may be through the skin, gastrointestinal tract or by inhalation in the respiratory tract. Macrophages are then transported to the lymph nodes where germination of the spores occurs. There are two major virulence factors for B. anthracis, the capsule which protects against phagocytosis and a tripartite toxin. Individual subunits of the anthax toxin-lethal factor (LF), edema factor (EF), and protective antigen (PA)-are released from the bacterium and cause pathology in infected human or animal hosts. The three proteins are non-toxic individually, but assemble into toxic complexes on the surface of receptor-expressing host cells. PA is an 83 kDa pore-forming protein that binds to the anthrax receptors on the surface of the target cell, orchestrating entry of the two enzymatic components of the toxin, LF and EF, into the cell cytoplasm.
PA can bind to two cell surface receptors, TEM-8 and CMG-2, also known as ANTXR1 and ANTXR2 respectively (2, 5) . Receptor-bound PA is proteolytically cleaved by furin, resulting in the removal of a 20 kDa fragment of PA from the N terminus. The remaining receptor bound 63kDa PA heptamerizes, instigating the formation of a prepore that can bind up to 3 molecules of LF or EF and triggering internalization of the complex. Following internalization, the low pH environment of the endocytic compartment causes a conformational rearrangement of the toxin complex allowing for delivery of LF and EF to the cytosol where they act on their intracellular substrates. LF is a 90-kDA zinc-dependent metalloprotease that cleaves mitogen-activated protein kinase kinases (6, 7) and EF (89kDa) is a calmodulindependent adenylate cyclase (8) . Endocytosis requires toxin-induced ubiquitination of anthrax receptors by the E3 ligase Cbl (9) . Recent studies have also demonstrated that clathrin-mediated endocytosis of the toxin is dependent on the heterotetrameric adaptor protein AP-1 (10).
The intracellular actions of EF and LF impair affected cells and can ultimately lead to death of the host. At early stages of infection, the toxin acts to injure and kill macrophages, thereby allowing B. anthracis bacterium to evade the immune system. At later stages, the toxin induces systemic hypoxia, vascular leakage, and shock-like death. Treatment with antibiotics can be lifesaving at early stages of the disease, but if sufficient toxin has been delivered the disease is often lethal. It is unclear whether B. anthracis utilizes TEM-8 and CMG-2 merely as portals of entry into the cell or if additional cytoplasmic signaling mechanisms from these receptors further augment anthrax entry and pathogenesis. Mouse mutants lacking the transmembrane regions of each of the receptors have been recently described and are viable (11, 12) . Experiments in CMG-2 -/-and TEM-8 -/-mice demonstrated that CMG-2 is the major receptor responsible for mediating anthrax lethality in mice (12).
Diseases linked to TEM-8 and CMG-2 mutations in the absence of toxin
Although the precise functions of the anthrax receptors in the absence anthrax toxin are currently unknown, diseases resulting from mutations in the genes for TEM-8 and CMG-2 suggest that these proteins have important physiological functions distinct from their role during anthrax toxin endocytosis. The CMG-2 gene is located on chromosome 4q of the human genome (1). Evidence for an important function for CMG-2 in extracellular matrix interaction comes from mutations in this gene that are linked to both juvenile hyaline fibromatosis (JHF) and infantile systemic hyalinosis (ISH) (13) . These systemic hyalinoses syndromes are generalized fibromatoses characterized by accumulation of hyaline in the dermis. Both are believed to be allelic disorders, with ISH having a more severe phenotype. Two of the ISH patient-derived mutations result in deletions of transmembrane or cytosolic regions of the protein (13) . The extracellular domain of CMG-2 is known to bind to both Collagen I and laminin (1) . Fibroblasts from patients with CMG-2 mutations exhibit altered interactions with laminin, although significant differences in interactions with Collagen I or Collagen IV were not observed with these cells (13) .
The human TEM-8 gene is located on chromosome 2p14. A TEM-8 mutation has been described in a patient with infantile haemangioma, a disease characterized by localized and rapidly growing areas of angiogenesis (14). TEM-8 mutants expressed in HDMECs result in reduced VEGFR1 expression and increased expression of phosphorylated VEGFR2 and phosphorylated ERK (14). The consequence of this mutation is increased interactions between TEM-8, VEGFR2 and beta 1 integrin proteins and a reduction in integrin activity (14).
TEM-8 and CMG-2 protein structures
TEM-8 and CMG-2 are type one transmembrane proteins containing extracellular von Willebrand Factor A (VWA) domains of approximately 200 amino acids, which in turn contain a metal ion dependent adhesion site (MIDAS) motif. The VWA domains of TEM-8 and CMG-2 are the sites for the metal-dependent interaction with PA. VWA domains facilitate protein-protein interactions when found on extracellular matrix proteins such as collagen VI and collagen XIV, and cell adhesion receptors such as the integrins. CMG-2 was originally described as a 386 amino acid protein with an extracellular, transmembrane and cytoplasmic domain (1) , with additional isoforms resulting from differential splicing of CMG-2 mRNA also described (see below) (2) . Three splice variants of TEM-8 have also been described (see below) (5, 15, 16) . Across the genome, the two proteins are most closely related to each other ( Figure 1 ). TEM-8 splice variant 1 and CMG-2 489 share 40% amino acid identity throughout their sequence and 60% amino acid identity within their VWA domains (2) .
Binding of the PA portion of anthrax toxin to the VWA/1 domain of both TEM-8 or CMG-2 is dependent on the presence of a divalent cation (2, 5 (18) . The crystal structure of the extracellular VWA domain of CMG-2 has been described and it appears as an open conformation in contrast to the VWA domains of alpha integrins (19) . The interaction of PA with the VWA domain of CMG-2 is of a relatively high affinity (~200 pM) when compared to interactions between VWA domains of other proteins and their natural ligands (18) . The dissociation rate of the CMG-2/PA complex is also very slow, and this property along with the tight binding of PA suggests the potential therapeutic utility of soluble forms of CMG-2 for anthrax toxicity (18) . The affinity of PA for the VWA domains of TEM-8 in the presence of divalent metal cations is significantly lower (Kd in the high nM range) than that for CMG-2 and is comparable to the affinities for reported for integrin-ligand interactions (20) .
Four different isoforms of CMG-2, encoded by alternatively spliced mRNA transcripts have been predicted ( Figure 1) (2) . The VWA domain is located from residues 44-213 and a putative signal peptide exists from residues 1-33 (1) . Within endothelial cells, CMG-2 GFP fusion protein studies have shown expression of the medium length CMG-2 386 isoform in the endoplasmic reticulum and in intracellular vesicles, but not in the Golgi apparatus or plasma membrane (1). The CMG-2 protein also contains regions with homology to WASP, a cdc42-binding protein that regulates the actin cytoskeleton (1).
Three protein variants of TEM-8 result from alternative splicing of the TEM-8 gene (Figure 1 ). The long isoform is a type I transmembrane protein of 564 amino acids in length, with a long 220-amino acid cytoplasmic tail, 73 amino acids longer than CMG-2 (2, 15). The medium isoform is a 386 amino acid protein with a much shorter cytoplasmic tail (5). The short isoform does not contain a transmembrane region, cannot internalize PA and is predicted to be a secreted protein (16) . Both the long and medium isoforms function as receptors for PA and contain VWA/I domains with MIDAS regions to allow binding of PA (15) . Truncation studies of the TEM-8 receptor have demonstrated that the extracellular region and transmembrane region of this receptor are essential for PA binding, processing, oligomer formation, and translocation of lethal toxin into the cytosol, whereas the cytoplasmic region is not required for these processes (16) . In the absence of anthrax toxin TEM-8 resides in intracellular vesicular compartments as well as in the cell membrane (21) . TEM-8 is recycled between recycling endosomes and the cell membrane in a process dependent on Rab11 GTPase but unaffected by anthrax protective antigen (21) .
The cytoplasmic tails of TEM-8 and CMG-2 have important roles in regulating the half life of the receptors at the plasma membrane. Palmitoylation of cytoplasmic cysteine residues increase the half-life of the receptors by preventing premature clearance from the cell membrane (9) . Both receptors contain tyrosine residues within their cytoplasmic tails, which become phosphorylated following binding of PA (22) . It was recently demonstrated that phosphorylation of the receptors is required for efficient toxin uptake (22) .
Tissue and cellular expression of TEM-8 and CMG-2
The initial discoveries of TEM-8 and CMG-2 described upregulated expression of these genes during angiogenesis; in endothelial cells lining tumor blood vessels and during tubule formation in vitro respectively (1, 3) . However, it has become apparent that both receptors are more widely expressed. Both TEM-8 and CMG-2 proteins are expressed in epithelia lining the organs that constitute anthrax toxins site of entry -skin, lung, and small intestine (23, 24) .
Early studies using in situ hybridization analysis of human tissue demonstrated expression of TEM-8 in endothelial cells lining the vessels of colorectal tumors, but not within the surrounding normal tissue (15) . Importantly, expression of TEM-8 protein was also shown in the blood vessels of colon cancer tissues with no expression detected in patient-matched normal colonic mucosa (25) . Increased expression of TEM-8 was also detected in endothelial cells of many different types of human tumors, including bladder, colon, esophageal, and lung, with no expression detected in the vessels of normal tissues (25) . In mouse models of carcinogenesis, expression of TEM-8 mRNA has been observed on the vessels of B16 mouse melanoma and HCT116 colon tumors (15) . TEM-8 is expressed on human umbilical vein endothelial cells (HUVEC) both in situ and during early passages when cultured (26) . Our laboratory has observed expression of the long, medium and short isoforms of TEM-8 in human microvascular endothelial cells (HMVECs) in culture (unpublished data).
TEM-8 is temporally regulated and induced during chick embryogenesis (27) . TEM-8 was identified as being induced from developmental stage HH10, from a screen for FGF inducible genes in the chicken facial mesenchyme.
FGF signaling is sufficient, but not necessary to induce TEM-8 expression in the chicken facial mesenchyme (27) . In situ hybridization studies have demonstrated expression of TEM-8, in common with TEM-1 and TEM-5, at the mRNA level in endothelial cells of the developing embryonic mouse liver and brain but not in adult mouse liver or brain, further suggesting a possible role for TEM-8 during development (15) . However, a more recent study has demonstrated expression of each of the TEM-8 isoforms (long, medium and short) in adult mouse tissues by western blot. The short, secreted isoform of TEM-8 that does not act as a cell-surface receptor for PA was found by western blot to be expressed in adult mouse heart, skin, liver, brain and kidney (24) . The medium isoform is expressed in mouse liver, skin, small intestine, and kidney (24) . The largest isoform was determined to be the most widely expressed splice variant in the mouse tissues analysed, with protein expression detected by western blot in heart, skin, small intestine, ovary, testis, spleen, liver, lung and kidney (24) . Subsequent immunohistochemical analysis localized expression to epithelial cells of the tissues which represent routes of entry for B. anthracis; the skin, lung and intestine (24) . However, the cell type expressing TEM-8 in other mouse tissues remains to be determined. Collectively, the studies by Nanda et al and Bonuccelli et al indicate that TEM-8 may be differentially expressed in the epithelium of the normal small and large intestine (24, 25) . However, further comparative studies of human tissues will be required to confirm whether this is the case as different antibodies were used and expression of TEM-8 was studied in the mouse but not the human small intestine.
CMG-2 mRNA expression has been documented in many human tissues, including heart, skeletal muscle, colon, spleen, kidney, liver, small intestine, placenta, and lung (2) .
Immunohistochemical studies have shown expression of CMG-2 in the epithelial cells lining mouse skin, colon, and lung as well as in the vascular endothelium of these tissues (23) . In human breast, CMG-2 is expressed in endothelial cells from both normal and malignant tissues, with further expression detected in breast tumor stroma and basement membranes but not cancer cells (23) . CMG-2 expression co-localizes with Collagen IV, a putative CMG-2 ligand in both normal and malignant breast tissue (23) .
Given the similar expression patterns of CMG-2 and TEM-8 in the epithelium of skin, lung, and intestine, these proteins may be co-expressed in certain tissues (23, 24) . It is also possible, although undocumented to date, that the anthrax receptors interact in some cell types as part of a heteromeric complex. Expression of one anthrax receptor may also be dependent on expression of the other receptor. Silencing of TEM-8 in HELA cells results in reduced expression of CMG-2 at the protein level (28).
TEM-8 AND CMG-2 EXPRESSION AND FUNCTION WITHIN THE VASCULATURE
The TEM-8 and CMG-2 cell surface receptors mediate entry of anthrax toxin into cells of host organisms, and their function in this pathogenic process has been well described. However, the function of these receptors expressed in epithelial, endothelial and other celltypes in the absence of the toxin remains unclear. Following their initial descriptions as genes upregulated during angiogenesis, CMG-2 and TEM-8 have been proposed as potential targets for anti-angiogenic therapy and putative functions for these proteins of relevance to the process of new blood vessel formation or 'angiogenesis' have been described. These functions include binding to extracellular matrix proteins, and regulation of endothelial cell migration, proliferation and tubule formation as summarized in Figure 2 . In the context of anthrax toxin endocytosis, it has been reported that the anthrax receptors complex with another transmembrane protein, lipoprotein related protein 6 (LRP6), and that the intracellular domains of the anthrax receptors couple to intracellular signaling molecules, including src (22, 28) .
Should similar interactions and signaling occur within endothelial cells during angiogenesis, they may provide mechanisms for regulation of extracellular matrix protein interactions and/or signal transduction from cell surface complexes.
Interactions of TEM-8 and CMG-2 with ECM
Extracellular matrix provides an essential scaffold for maintaining the organization of vascular endothelial cells into blood vessels. In addition, many different extracellular matrix proteins have been documented to regulate the process of angiogenesis in a positive or negative manner. Collagen I, collagen IV, fibrinogen, and fibronectin augment angiogenesis by multiple mechanisms including increased endothelial cell proliferation, survival, migration, adhesion and tubule formation and enhancement of the activity of VEGF (29) (30) (31) (32) (33) . Conversely, thrombospondins 1 and 2, and decorin are examples of extracellular matrix proteins that have antiangiogenic functions such as inhibition of endothelial cell growth, migration, tube formation and inhibition of VEGF production (34) (35) (36) (37) (38) . Alternate forms of these extracellular matrix proteins including metalloprotease cleaved proteins, soluble forms, synthetic or natural fragments have differential effects on blood vessel formation, and represent additional mechanisms for the regulation of angiogenesis in disease (39) (40) (41) (42) (43) .
TEM-8 and CMG-2 are known to bind differentially to extracellular matrix proteins, and these interactions may underlie the functional roles of these receptors in the absence of anthrax toxin ( Figure 2B ). CMG-2 binds to collagen IV, laminin, and fibronectin but not to osteopontin, another extracellular matrix protein (1) . It has been suggested that CMG-2 may be involved in basement membrane matrix assembly as it also colocalizes with Hsp47, a chaperone protein for collagen I and IV, in the endoplasmic reticulum (1).
TEM-8 interacts with collagen I, gelatin, and collagen VI (25, 26, 44) . A yeast two-hybrid screen of 3.5 million distinct cDNAs from fetal brain demonstrated that the extracellular domain of TEM-8 binds to the alpha 3 subunit of collagen VI at the COOH-terminal C5 domain (25) .
Like TEM-8, collagen (alpha 3) VI is also preferentially expressed on tumor endothelium in comparison with normal endothelium (25) . TEM-8 and collagen (alpha 3) VI co-localize on the blood vessels of human lung, colon, and esophageal tumors (25) . Collagen (alpha 3) VI is upregulated during wound healing, a process involving an angiogenic response and Collagen (alpha 3) VI was also one of the genes found to be highly upregulated in tumor endothelium by St. Croix et al. Further evidence for the importance of TEM-8 in cellular interactions with extracellular matrix proteins comes from knockout mouse studies. Mice lacking TEM-8 are viable, although Liu et al have reported that female mice have reproductive defects which may be related to deposits of extracellular matrix found in the ovaries and uteri of these mice (11, 12) . Excessive deposits of extracellular matrix are seen in many other organs of TEM-8 -/-mice including the periodontal ligament of the incisors and the skin (11).
Signaling downstream of the anthrax receptors
The intracellular domains of the anthrax toxin receptors and their binding partners have been far less well studied than the extracellular domains. In fact, until Putative functions of the anthrax receptors in angiogenesis. TEM-8 is known to bind to collagen I and collagen VI while CMG-2 binds to collagen IV and laminin. TEM-8 is thought to be involved in the regulation of endothelial cell migration and CMG-2 is proposed to regulate both endothelial cell proliferation and tubule formation. The influence of LRP6, SLK signaling, and anthrax receptor phosphorylation, palmitoylation, ubiquitination, and clustering, on these angiogenic functions in endothelial cells remains to be determined.
recently it was unclear whether their relatively large cytoplasmic tails served any purpose in the established function of these receptors, cellular uptake of anthrax toxin (Figure 2A ). LRP6 is thus far the only protein known to bind to the intracellular regions of anthrax receptor proteins (28, 45) . However various investigations have tentatively implicated src-like kinase (SLK) signaling, Wnt signaling, and PI3 kinase signaling from the anthrax receptors during the process of anthrax toxin endocytosis (Figure 2A) (22, 28, 45) . The intracellular domains of anthrax toxin receptors lack intrinsic kinase activity and other intrinsic signaling activities have not yet been described for these regions. Thus, recruitment of various transduction proteins would be required to transmit any potential signaling cascade from these receptors.
Recent studies have demonstrated that binding of the PA subunit of anthrax toxin to either TEM-8 or CMG-2 triggers tyrosine phosphorylation of the receptors via the src-like kinases, src and fyn (22) . The src family of kinases are involved in multiple signaling pathways and many diverse cellular functions including invasion, proliferation and survival. Tyrosine phosphorylation of the receptor is required for efficient uptake of anthrax toxin as mutant receptors without tyrosine residues exhibit strongly delayed endocytosis (22) . Src dependent phosphorylation of the anthrax receptors is required for their subsequent ubiquitination, which in turn is essential for clathrinmediated endocytosis of the receptors and internalization of anthrax toxin (22) .
Lipoprotein related protein 6 (LRP6), a Wnt signaling protein, was identified as being involved in anthrax toxin endocytosis from an expression sequence tagged (EST) screen that silenced chromosomal genes (45) . LRP5 and LRP6 are co-receptors for Wnt in the canonical Wnt signaling pathway. Toxin binding to the anthrax receptors triggers tyrosine phosphorylation of LRP6 (28) .
Protective antigen also induces redistribution of LRP6 into detergent-resistant membranes expressing calveolin-1 and its subsequent endocytosis (28) . In contrast to the src kinase activity on anthrax toxin receptors, tyrosine phosphorylation of LRP6 is not required for efficient endocytosis of anthrax toxin (28) . While two independent studies have demonstrated that the anthrax receptors bind to LRP6 (28, 45) , the importance of this protein during toxin endocytosis remains somewhat controversial (28, 45, 46) . The emerging evidence from siRNA studies indicates that LRP6 is not required for endocytosis, but that its presence may accelerate this process (28) . Apparent discrepancies with a study by Ryan et al which failed to demonstrate any significant role for LRP6 in toxin endocytosis may relate to the different knockdown efficiencies or alternatively differences in the concentrations of PA and LF used in each of the studies (28, 46 (28) .
Stabilization of β-catenin following stimulation with Wnt is strongly impaired in HeLa cells where either receptor has been knocked down (28) . Binding to extracellular matrix proteins may constitute the most important physiological role for the anthrax receptors, and these interactions in turn may play a crucial role in the regulation of intracellular Wnt signaling. Although the role of LRP6 in angiogenesis has not been studied, it is interesting to note that Wnt signaling through the Frizzled receptors is crucial for normal retinal vascular development and retinal angiogenesis (48, 49) . Furthermore, in vitro studies have implicated the Wnt/β-catenin pathway in promotion of endothelial survival and proliferation (50-52).
A second gene suggested as being important for anthrax toxicity through the EST screen conducted by Wei et al is ARAP3 (Arf GAP and Rho GAP with ankyrin repeat and pleckstrin homology domains) (45). ARAP3 is a protein which was originally identified in a screen for phosphotidylinositol-(3,4,5)-trisphosphate binding proteins (53) . The mechanism by which ARAP3 contributes to toxin endocytosis remains unclear. Interestingly, ARAP3 is known to be involved in cell attachment and cell spreading on extracellular matrix, which may be relevant for the putative roles of the anthrax receptors in angiogenesis in the absence of anthrax toxin (54, 55) .
Thus, a number of proteins which interact with the anthrax receptors during anthrax toxicity have been described (Figure 2A) .
Clustering, ubiquitination, palmitoylation and phosphorylation of the receptors can all regulate anthrax toxin uptake and signaling through src kinases are evoked following toxin binding (Figure 2A) . It remains to be determined whether these alterations in signaling and receptor status similarly regulate responses in endothelial cells following extracellular matrix binding, or influence angiogenesis in vivo ( Figure 2B ).
TEM-8 and endothelial cell function
In the absence of anthrax toxin, TEM-8 is believed to play a crucial role in the regulation of endothelial cell shape and migration. Endothelial cells overexpressing TEM-8 migrate at three times the rate of regular endothelial cells and exhibit enhanced adhesion to Collagen I (26) . Importantly, the extracellular domain of TEM-8 (TEM-8 ED) inhibits endothelial cell migration, presumably by interacting with extracellular matrix substrates or directly with co-receptors of TEM-8, and acting as a dominant negative protein in this assay. Additional evidence for the role of TEM-8 in endothelial cell migration comes from studies where ribozyme transgenes were used to knockdown TEM-8 in immortalized human umbilical cord endothelial cells (HECVs). These cells, with reduced expression of TEM-8, exhibited reduced migration and tubule formation in comparison with control HECVs (56) .
The extracellular domain of TEM-8 interacts strongly with gelatin and collagen I in protein assays and it can inhibit the adhesion of endothelial cells to gelatin or collagen I (26) . Overexpression of the full length TEM-8 protein in microvascular rat epididymal fat pad endothelial cells (RFPECs) enhances their adhesion to both gelatin and collagen, with more subtle pro-adhesive effects when endothelial cells are plated on fibronectin or vitronectin (26) . However, overexpression of the full length TEM-8 protein does not affect the ability of endothelial cells to bind to laminin (26) .
The mechanism by which TEM-8 mediates binding to collagen I is cell type specific. For example, blocking the β1 integrin using antibodies inhibited TEM-8 mediated adhesion of HEK293 cells but not rabbit synovial fibroblasts (44) . TEM-8 regulates HEK293 cell spreading by coupling extracellular proteins such as collagen I and PA to the actin cytoskeleton (44) . Attachment of TEM-8 expressing HEK293 cells to a PA coated surface resulted in dramatic cell spreading and cell body extension. This suggests that engagement of the TEM-8 receptor by PA or other endogenous ligands may regulate endothelial cell adhesion and spreading in vivo. Expression of the extracellular domain of TEM-8 in HEK293 cells is sufficient to mediate adhesion but not sufficient for cell spreading on PA coated surfaces (44) . Thus, TEM-8 acts as an adhesion molecule to mediate cell spreading via its cytoplasmic tail.
Disruption of the TEM-8 recycling mechanism between endosomes and the cell surface inhibits cell spreading on PA-coated surfaces, without affecting anthrax toxin internalization (21) .
TEM-8 interacts directly with the actin cytoskeleton in a similar manner to the integrins, and spreading of HEK293 cells overexpressing TEM-8 can be inhibited by a cytoskeleton-disrupting drug, cytochalasin D (44). TEM-8 and actin co-localize at the base of lamellipodia and along actin filaments extending into the lamellipodia during cell spreading (44) . However, the distribution pattern of TEM-8 was not reminiscent of that seen with integrins during cell adhesion, where expression within focal adhesion complexes and colocalization with stress fibres is typical. In the absence of anthrax toxin, the TEM-8 receptor is organized and clustered at the cell surface in an actin-dependent manner not seen for the CMG-2 receptor (21). Furthermore, in contrast to integrins, TEM-8 can function as a single subunit receptor in mediating cell adhesion (44) . Interestingly, it has been suggested that binding of actin via the cytoplasmic tail of TEM-8 may regulate the affinity state of the receptor, both in terms of its ability to bind PA and, in the absence of the toxin, extracellular matrix proteins (57). The functions of TEM-8 in cell adhesion and cell spreading may represent a mechanistic framework to understand studies demonstrating increased endothelial cell migration in cells overexpressing TEM-8 (26) . Linkage of TEM-8 to the actin cytoskeleton may also be important for a number of other processes in angiogenesis including signal transduction, cell division, and morphogenesis.
TEM-8 protein expression is increased in vitro during tube formation in collagen gels (26) . Experiments in CHO cells which do not normally express TEM-8, suggest that the presence of the extracellular VWA domain of TEM-8 is sufficient to induce 'tubule formation' of these cells in Matrigel, a basement membrane suspension (56) . Although CHO cells are not of endothelial origin, transfection of full length TEM-8, a transmembrane/VWA construct or the VWA domain alone caused these cells to form 'tubules' over 24 hours (56) . In contrast, the presence of the extracellular domain without the VWA domain, the transmembrane domain alone or the intracellular domain alone did not induce the formation of tubules in these cells (56) . These experiments suggest that interactions of TEM-8 with basement membrane proteins, without a requirement for intracellular signaling from the TEM-8 receptor, may be sufficient for the organization of cells into tubule structures. Alternatively, a TEM-8 co-receptor may be involved in the signaling that results in tubule formation in these cells. In any event, interpretation of the relevance of experiments involving TEM-8 expression in CHO cells to the process of angiogenesis should be taken in context, as these cells represent a 'non-endothelial' cell-line.
The generation of mice lacking the TEM-8 receptor has provided further indications of important roles for TEM-8 in the regulation of extracellular matrix deposition and tumorigenesis. TEM-8 -/-mice have been generated in two independent studies with two different strains of mice, targeting different exons of the TEM-8 gene. The deletion induced by Liu et al results in expression of a secreted gene product without a transmembrane region, whereas Cullen et al deleted the first exon containing the promoter region and start codon and TEM-8 is not expected to be expressed in any form at the protein level (11, 12) .
Interestingly, although expression of TEM-8 has been documented in the vasculature of developing mouse embryonic brain and liver tissues (15) , both studies found that the absence of TEM-8 did not affect survival, normal growth or development, with the exception of excess deposition of extracellular matrix reported by Cullen et al in many tissues and dental dysplasia reported by both groups (11, 12) . The excess matrix accumulation could be explained if recycling of TEM-8 between endosomes and the cell surface contributes to clearance of Collagen I and Collagen VI in wild-type mice (21) . In addition, although recombinant soluble forms of the TEM-8 receptor have anti-angiogenic effects in vitro (26) , defects in physiological angiogenesis were not observed in TEM-8 -/-mice (11). Interestingly, Liu et al reported that female TEM-8 -/-mice could become pregnant but subsequent embryonic development was impaired (12) . In contrast, the TEM-8 -/-mice generated by Cullen et al do not have fertility problems (11, 12) . This discrepancy may arise as a result of the expression of a secreted mutant TEM-8 protein which could affect fertility by interacting with natural ligands of TEM-8, such as extracellular matrix proteins (12) .
Tumor growth is delayed in TEM-8 -/-knockouts when B16 melanoma cells were implanted into these mice (11) . Thus, the absence of TEM-8 within non-tumor host cells affects tumor growth.
Given the documented induction of TEM-8 expression in the endothelium of tumor vessels and the observations of defective cell migration in endothelial cells with reduced expression of TEM-8, it might be expected that reduced tumor vessel growth in TEM-8 -/-mice may have been responsible for the effect on tumor growth. Surprisingly, differences in vessel density or pericyte coverage within B16 tumors implanted in wild-type and TEM-8 -/-mice were not observed (11). However, while tumor microvessel density is a useful indication of prognosis for some human cancers, it does not always accurately reflect the degree of angiogenic activity within the tumor (58) . Thus, the exact mechanisms responsible for the contribution of host derived TEM-8 to tumor growth remain to be determined. Cullen et al also described similar levels of apoptosis, hypoxia, proliferating endothelial cell number, macrophage cell numbers and other myeloid cells within B16 melanoma tumors in wildtype and TEM-8 -/-mice (11) . Interestingly, the effects on tumor growth appeared to be tumor dependent as Lewis Lung carcinoma growth was not significantly altered in TEM-8 knockout mice.
CMG-2 and endothelial cell function
Evidence for the role of CMG-2 in endothelial cell function, in the absence of anthrax toxin, has emerged only recently. CMG-2 appears to regulate both endothelial cell proliferation and tubule formation in culture, with little influence on the migration of endothelial cells observed. RNA interference approaches have demonstrated that reduced CMG-2 expression in human umbilical vein endothelial cells (HUVECs) results in reduced proliferation and VEGF-mediated capillary network formation in Collagen I gels in vitro, whereas the migration of these cells in a cellular scratch wound assay remains unaffected (23) . Conversely, overexpression of CMG-2 in HUVECs causes increased proliferation and tubule network formation of these cells with no effect on cell migration (23) .
Given the relatively high affinity of PA for CMG-2, it is likely that PA can inhibit binding of CMG-2 to its natural ligands during anthrax infection. It remains to be determined whether this assists the process of toxin endocytosis or pathogenesis.
In the context of angiogenesis, a recent study from our laboratory demonstrated that blockade of anthrax receptors using a form of PA with three amino acids mutated, PA-SSSR, can inhibit endothelial cell migration and angiogenesis in vivo (59) . PA-SSSR is a mutant which is resistant to cleavage by endogenous furin-like proteases, and remains bound to the anthrax toxin receptors for an extended period of time without being internalized compared to native PA (60) . PA-SSSR inhibited VEGF and serum-induced human microvascular endothelial cell (HMVEC) migration with no effect on endothelial cell proliferation. PA-SSSR also inhibits angiogenesis in vivo in the corneal micropocket assay and inhibits Lewis Lung carcinoma growth. In these experiments neither Lethal Factor nor Edema Factor were administered along with PA-SSSR, excluding direct effects of the toxins on endothelial or tumor cells as the mechanisms for reduced angiogenesis and tumor growth. In common with PA, PA-SSSR has a higher affinity for CMG-2 than TEM-8.
TARGETING TEM-8 IN CANCER
Anti-angiogenic and anti-tumorigenic molecules which target TEM-8 may represent tumor-selective agents given the enhanced expression of TEM-8 that has been described in the blood vessels of many tumor types compared to normal tissues (3, 15, 25) . The knowledge of preferential expression of TEM-8 in the tumor vasculature has also been manipulated in order to target a number of potential anti-tumorigenic therapeutics to the tumor vasculature in pre-clinical models in the absence of anthrax toxin. Anti-angiogenic TEM-8 targeted therapies include a fusion protein which combines part of an anti-TEM-8 antibody with truncated tissue factor, reducing colorectal tumor volume by localizing at tumor blood vessels and disrupting tumor vasculature by promoting local thrombosis (61) . A DNA vaccine against TEM-8 which inhibits tumor growth in mice due to its anti-angiogenic effects has also been developed (62) .
TEM-8-Fc is an antibody-like molecule with antiangiogenic properties that also inhibits metastasis of some tumors (63) . Tumors treated with this molecule had reduced density of blood vessels (63) . The morphology of the tumor cells was also affected in treated animals, which could be secondary to anti-angiogenic effect, or alternatively could indicate some additional anti-tumor effects of this molecule (63) . This therapeutic protein may function to prevent TEM-8 binding to the M2 isozyme of pyruvate kinase (M2-PK) as proteomic studies demonstrated a direct interaction of TEM-8-Fc with this enzyme in HepG2 tumor homogenates (63) . M2-PK is an isozyme of PK predominantly found in tumors, also termed tumor PK and is known to have a role in tumor cell growth and metastasis (64, 65) . The expression of TEM-8, in common with other TEMs may be increased in immunosuppressive, pro-angiogenic dendritic cells that are found in tumor microenvironments.
It has been demonstrated that TEM-8 expression levels in dendritic cell based cancer vaccines are related to clinical outcome (66) . Outside of the vasculature, expression of TEM-8 has been documented within tumor cells (67, 68) and within other celltypes (24, 61) . Although comparative studies of both mouse and human tissues suggest that the most abundant expression of TEM-8 is seen in within tumor vessels compared to other cells within the tumor milieu or normal tissues (3, 15, 25) , effects of TEM-8 targeted therapies on epithelial tissues and other cells expressing TEM-8 at lower levels should be monitored for off-target effects.
ANTI-ANGIOGENIC AND TUMORICIDAL STRATEGIES USING BIOLOGICAL ANTHRAX TOXIN MOLECULES
Other strategies involving native and modified anthrax toxin related molecules have been used as antiangiogenic or direct tumoricidal agents. Lethal toxin (LeTx) is composed of PA and LF, whereas edema toxin (EdTx) is composed of PA and EF. Anti-angiogenic effects of both LeTx and EdTx, have been reported due to their respective effects on MAPK inhibition and cAMP within endothelial cells. In addition, direct tumoricidal effects of LeTx related to MAPK inhibition have been reported and were initially believed to represent the primary mechanism for its inhibitory effects on tumor growth. Subsequent studies have identified direct anti-angiogenic effects of LeTx and suggest that this may be the primary mechanism for the potent anti-tumorigenic effects of this toxin. However, toxicity of LeTx and immune responses generated by administration of PA will need to be rigorously investigated and minimized before LeTx and associated agents can be considered as clinical therapies.
Tumoricidal effects of LeTx
Leppla and colleagues have used protective antigen (PA) to deliver and facilitate the entry of toxins, anthrax derived and others, into tumor cells resulting in tumoricidal activity in a number of different studies. Treatment of tumor cells with PA combined with FP59, a B. anthracis lethal toxin/Pseudomonas exotoxin A fusion protein induces tumor cell death. FP59 consists of the first 254 amino acids of lethal toxin, the minimal region required for uptake of the toxin, fused to the ADP ribosylation domain of Pseudomonas exotoxin A (69) . A number of mutations to PA increase its selectivity and targeting of tumor cells, bioavailability at the tumor site, and decrease toxicity of the associated toxins. These include mutations where the furin cleavage site is replaced by cleavage sites for proteases known to be overexpressed in tumor cells such as matrix metalloproteinase (MMP) or urokinase plasminogen activator (uPA) (70) (71) (72) (73) . A combination of mutated PA molecules, PA with uPA or MMP cleavage sites and PA impaired binding sites for LF, has tumoricidal activity in vitro and in mice with reduced animal toxicity compared with administration of individual PA molecules solely mutated to alter cleavage sites (74) . In addition, it has been reported that mutants of protective antigen that preferentially bind to TEM-8 rather than CMG-2 achieve even more selective tumoricidal activity when administered along with FP59 (75) .
In vitro, the native form of LeTx has strong toxic effects on many different tumor celltypes as a result of inhibitory effects on MAP kinase signaling (76-78). Many tumors exhibit constitutive MAPK signaling rendering these tumor cells more susceptible to LeTx induced toxicity in vitro (79) . For example, some tumor cells, including melanoma cells contain a point mutation in B-RAF, resulting in enhanced MAPK activity (79, 80) . This mutation results in a constitutively active B-Raf kinase that continuously stimulates downstream components of the signaling pathway even in the absence of growth factors. Surprisingly, MMP-cleavable LeTx can effectively reduce tumor growth in vivo in tumor xenograft models, where the implanted tumor cells were unaffected by LeTx treatment in vitro (73, 81) . This intriguing finding has led to detailed studies of the effects of LeTx and the discovery of the role of MAP kinase signaling in angiogenesis and the tumor vasculature as detailed below.
Anti-angiogenic effects of LeTx
Evidence for anti-angiogenic effects of LeTx have come from in vivo models of anaplastic thyroid carcinoma (ATC) and other tumors and endothelial cell culture experiments.
Surprisingly, Alfano et al showed that systemically administered LeTx had a similar effect on tumor growth and survival in immunocompromised mice, regardless of whether the orthotopically implanted tumor cells contain the B-RAF mutation which causes enhanced MAPK activity (81) . ATC tumors from mice treated with LeTx displayed reduced endothelial cell recruitment and tumor vascularization (81) . LeTx has also been shown to have effects on non-tumor vasculature. The developing mouse retinal vasculature is known to be perturbed following intravitreal injection of LeTx, delaying early vascular development and resulting in abnormal tuft formation at later stages (postnatal day 8) of retinal vascular development (82) Additional experiments in a longer-term xenograft model of well-established ATC, where tumors had been growing for over three weeks suggest that MMP-activated LeTx can inhibit tumorigenesis by alternative mechanisms depending on tumor stage. MMP-activated LeTx induced necrosis of tumor cells just eighteen hours after a single dose of LeTx in this model, without affecting the vasculature of these tumors (81) . The mechanism for this dramatic and rapid effect is unclear as of yet, but may involve decreased perfusion of tumor tissue resulting from hemorrhage (83, 84) .
Duesbery et al showed that in vivo intratumoral injections of LeTx inhibit tumor growth and reduce the number of blood vessels within the tumors, at concentrations that do not cause animal toxicity in immunocompromised mice (76). An MMP-activated form of LeTx has shown potent antiangiogenic activity, and inhibited tumor growth (73) . Importantly, toxicity was also reduced and the immune response to the altered PA protein was approximately 6-fold lower than that generated by native PA (73) .
The anti-angiogenic activity of LeTx is likely due to inhibition of p38 mitogen activated protein kinase and cJun NH(2)-terminal kinase, leading to decreased endothelial differentiation and invasiveness (85) . MMPactivated LeTx reduces expression of proangiogenic MMPs in endothelial cells, thereby reducing their extracellular matrix remodeling potential and providing a potential mechanism for the anti-angiogenic effect of LeTx (85) . In cell culture, MMP-activated LeTx reduces endothelial cell invasion, and the ability of endothelial cells to cleave collagen I, collagen IV and gelatin, and form blood-vessel like tubules (85) . LeTx also has a direct anti-proliferative effect on human umbilical vein endothelial cells in culture and has also been shown to induce apoptosis of cultured endothelial cells (78, 86) .
Anti-angiogenic effects of EdTx
Anti-endothelial effects of edema toxin (EdTx) on endothelial cells, which are due to increased intracellular cAMP following internalization, have also been described. Anthrax edema toxin is an adenylyl cyclase that induces the generation of cyclic AMP in cells. Anthrax edema toxin has been shown to inhibit endothelial cell chemotaxis, but not proliferation, via a downstream effector of cAMP, Epac (87).
PERSPECTIVE
It is now well documented through both cell culture systems and animal models that TEM-8 and CMG-2 play a role in angiogenesis. TEM-8 influences cell migration and tubule formation and CMG-2 promotes endothelial cell proliferation. Binding of these receptors to extracellular matrix proteins is likely to play a key role in these functions. However, despite recent knowledge on signaling from these receptors during toxin endocytosis, the exact molecular and signaling mechanisms by which the anthrax receptors mediate angiogenic responses are less clear.
Wnt or src signaling may be induced following engagement of the receptors with extracellular matrix proteins. Palmitoylation, ubiquitination, phosphorylation and clustering of the anthrax receptors regulate toxin uptake (9, 22) , and these events may also influence endothelial cell behavior. The mechanisms and regulation of the anthrax receptors in the context of cell adhesion to extracellular matrix proteins needs to be further delineated. What are the properties of these receptors, for example, that would distinguish them from the integrins in these processes? An important question in the context of angiogenesis is the identity of the natural ligands for these receptors in vivo. Splice variants of the anthrax receptors may provide a further level of regulation of the angiogenic response, with soluble receptors potentially acting as inhibitors of angiogenic signaling, much like the effects of soluble VEGF receptors on VEGFR2 signaling. Indeed a recombinant soluble TEM-8 receptor has demonstrated antiangiogenic activity in vitro (26) . It will be interesting to determine whether the mechanisms of TEM-8 (and potentially CMG-2) receptor recycling between endosomal and cell membrane compartments which have been described in PC12 and Hek293 cells (21) , also exist within endothelial cells. The temporal and comparative expression of TEM-8 and CMG-2 during angiogenesis in vivo will also provide important information on their function and regulation.
Investigation of the effects of LeTx and modified forms of PA administered along with lethal factor in preclinical cancer models demonstrate that these biological therapeutics have potent anti-angiogenic and anti-tumorigenic effects. These studies highlight both the importance of MAPK pathways in angiogenesis, and the effectiveness of using tumor specific expression of molecules, in this case the MMPs, at tumor sites as a tumor selective approach. Future studies, are likely to focus on adaptation of the strategy of MAPK inhibition for clinical applications for the treatment of solid tumors. Further adaptation of the PA and lethal factor components may be necessary in order to minimize toxicity and unwanted immunogenic responses to these proteins in patients, while maintaining anti-tumor effects.
In summary, while much remains unknown about the molecular mechanisms and interacting proteins of the anthrax receptors during angiogenesis, they represent exciting new targets for anti-angiogenic therapies. Future antiangiogenic therapies may target blockade of the TEM-8 or CMG-2 receptor, or deliver anti-angiogenic moieties using TEM-8 as a marker of tumor vessels. In addition, the effects of modified forms of LeTx targeting tumor vasculature in preclinical models suggest that MAPK inhibition is a useful strategy for anti-angiogenic therapy.
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